Abstract. A ca 20 m thick succession of upper Furongian (Cambrian Stage 10) through Middle Ordovician (Darriwilian) strata exposed at Lanna, in the province of Närke, south-central Sweden, is described. The upper Furongian is represented by the Alum Shale Formation and reflects an overall shallowing trend that ultimately resulted in emergence above sea level and subaerial conditions. Hence, as in most other areas in south-central Sweden, the boundary between the Cambrian and the Ordovician is marked by a prominent disconformity and significant hiatus. In Närke, the hiatus spans the middle Stage 10 through the uppermost Tremadocian or lowermost Floian. The presence of stromatolites indicates quite shallow marine conditions during the latest Cambrian. The Ordovician succession is characterized by flatly bedded 'orthoceratite limestone', belonging to the 'Latorp', 'Lanna' and 'Holen' limestones ('topoformations'). Widely varying microfacies characteristics in the 'orthoceratite limestone' suggest that the depositional environment underwent substantial changes through time, largely due to changes in sea level. A long-term trend of coarsening carbonate textures and more diverse fossil assemblages is seen upwards through the Ordovician succession. Cyclic microfacies patterns probably reflect high-frequency sea-level changes. Comparisons to other parts of Sweden and Baltoscandia reveal consistent patterns in the sedimentary development across a wide geographical area.
INTRODUCTION
The Baltoscandian region hosts extensive areas with lower Palaeozoic sedimentary rocks, which are largely preserved in place, undisturbed and often richly fossiliferous. Hence, the regional sedimentary succession has become an important archive for our understanding of environmental and biotic changes, including the evolution of life, during the early Phanerozoic (e.g., Lindström 1971) .
Lower Palaeozoic rocks are widely distributed in several areas in the province of Närke, south-central Sweden (e.g., Linnarsson 1875a). Närke has long been considered a key area for Ordovician stratigraphy and palaeontology. This is evident not least because several regional stages and other stratigraphic units have been named after important outcrop areas in the province. For example, the interval spanning the Hunneberg and Billingen regional stages was formerly referred to as the Latorp Stage (Jaanusson 1960a; Männil 1966 ) and the term Lanna Stage was long a contender for the interval that is now the Volkhov Regional Stage (e.g., Tjernvik 1972; Tjernvik & Johansson 1980; Löfgren 1995) . Although the stratigraphy and palaeontology of the lower Palaeozoic of Närke have attracted numerous studies since the 19th century, the sedimentary characteristics and development of the local strata have remained poorly documented. This precludes detailed comparisons with coeval strata elsewhere. Närke is situated in the middle part of the Baltoscandian palaeobasin and forms an important area for studying the palaeoenvironmental development and sea-level history. This part of the basin likely records a relatively complete succession of events that is not preserved in more proximal settings and poorly resolved in the shaledominated palaeo-offshore western parts.
In this study, we investigated the exposed CambrianOrdovician succession at the key locality Lanna in northwestern Närke. The macroscopic and microscopic characteristics of the strata are documented in detail and the sedimentary and biotic variations throughout the succession interpreted in terms of local and regional depositional dynamics and palaeoenvironmental changes.
GEOLOGICAL SETTING
Due to high global sea levels, epeiric seas covered large parts of the existing continents during most of the early Palaeozoic. There was probably an overall rising sea level during the Cambrian, albeit with second-and third-order eustatic changes that resulted in some major lowstands (e.g., Haq & Schutter 2008; Peng et al. 2012; Babcock et al. 2015) . A progressive and stepwise transgression of the Baltic craton resulted in widespread submergence of the Baltoscandian region (Nielsen & Schovsbo 2011) . Marine transgressions and flooding of the palaeocontinents became increasingly more pronounced during the Ordovician. The Precambrian peneplane that formed the basement in much of the Baltoscandian region offered limited weathering products and this led to an overall starvation of terrigenous siliciclastics in the palaeobasin. Much of the regional succession is thus quite condensed, with typical net sedimentation rates being only a few millimetres per millennium. Still, the Cambrian time interval was mainly characterized by siliciclastic sedimentation (e.g., Lindström 1971; Rozanov & Łydka 1987; Nielsen & Schovsbo 2011 . The Ordovician was dominated by widespread deposition of carbonates, which changed from cool-water type in the early Ordovician to subtropical-tropical towards the later parts of the period (e.g., Jaanusson 1972; Dronov & Rozhnov 2007) .
In Sweden, the oldest Cambrian deposits (Terreneuvian and Series 2) are characterized by sandand siltstones (e.g., Lindström 1971; Bergström & Gee 1985; Nielsen & Schovsbo 2011) . These are typically replaced by bituminous shale and limestone upwards, the well-known Alum Shale (e.g., Andersson et al. 1985) . Shale deposition continued into the earliest Ordovician, but was then largely replaced by carbonates. The LowerMiddle Ordovician succession in much of Sweden is characterized by the so-called orthoceratite limestone, a stratigraphically condensed suite of rocks that encompasses a range of similar looking cool-water limestones (see Lindskog & Eriksson 2017 and references therein) . As most of Sweden was submerged throughout much of the early Palaeozoic, sediments were originally deposited across large parts of the country. However, today only patches of rocks occur where conditions have provided sufficient protection against erosion ( Fig. 1A; e.g., Lindström 1971) .
The province of Närke in south-central Sweden hosts a relatively large area with Palaeozoic strata, resting upon the Proterozoic crystalline basement (Fig. 1B; Linnarsson 1875a Linnarsson , 1875b Blomberg & Holm 1902; Thorslund 1960; Lundegårdh & Fromm 1971) . Large-scale down faulting has protected the succession from complete erosion. Whereas Cambrian sandstones are the most widespread among the Palaeozoic remnants, younger deposits are patchier in their distribution. The sedimentary rock succession in Närke spans the Cambrian Series 2 through the Middle Ordovician (Darriwilian; e.g., Karis & Magnusson 1972) . The rocks have been extensively quarried, for the production of building materials and shale oil (Blomberg & Holm 1902; Rönnby 1943; Eklund 1961; Fromm 1971) . Today, quarrying activity is abandoned.
The Lanna area
The village of Lanna, ca 15 km west-southwest of Örebro, hosts a number of abandoned quarries in which Cambrian Alum Shale and Ordovician limestone were quarried until the 1960s ( Fig. 1C ; Stolpe 1874; Blomberg & Holm 1902; Ydreborg 2014) . The village lies at the southeastern border of a large area where Ordovician strata are preserved on top of the Cambrian succession, referred to as the Latorp plateau ('Latorpsplatån' in Swedish). Today, most of the old quarries in the Lanna area are in a somewhat dilapidated state and closed off to the public (Fig. 2) . The largest quarry, however, is kept open as a public recreational and swimming area, popularly referred to as 'Lanna badgruva' (Swedish for 'Lanna bathing mine'). The Cambrian-Lower Ordovician succession at Lanna has previously been studied in some detail. Westergård (1922) provided a detailed description of the Cambrian part of the succession, Andersson (1895) studied the Cambrian-Ordovician boundary interval, and Wiman (1905) , Tjernvik (1952 Tjernvik ( , 1956 and Lindström (1954) published detailed accounts of the Lower Ordovician succession. Although Tjernvik continued to study the Middle Ordovician strata at Lanna (see Tjernvik 1952 Tjernvik , 1972 Tjernvik & Johansson 1980) , few detailed accounts found their way into the scientific literature and this part of the local succession has remained largely undocumented. Based on samples collected by Tjernvik, Löfgren (1995 more recently outlined the conodont biostratigraphy of the Middle Ordovician at Lanna.
Originally, the entire local Alum Shale succession (ca 14 m thick according to Westergård 1922) was exposed in southern Lanna, but nowadays the quarries are largely filled with water and only the uppermost 5-6 m are available for study. Where a protective limestone cover is missing, the shale is often disturbed and in places even strongly folded due to Pleistocene glacial activity (e.g., Blomberg & Holm 1902, fig. 12; Andersson & von Post 1909) . Locally, also the overlying limestone beds have been disturbed and displaced. Northwards in the area, the topmost strata become successively younger and the youngest Ordovician limestone beds are thus found in the northernmost part of Lanna.
Due to shifting ownership and use, the different quarries of the Lanna area have changed names through time both locally and in the scientific literature. Hence, for ease of reference and practicality, the different abandoned quarries in the area are here termed Lanna A to C and in part subdivided into separate outcrops (Fig. 1C) . Lanna A is located in the northernmost part of Lanna (WGS coordinates 59°14′44″N, 14°55′27″E). It is the largest and most accessible quarry, and includes 'Lanna badgruva' (A 1 ) and adjacent outcrops (A 2 , A 3 ). This locality corresponds to what has been called 'Cementfabrikens brott' (the Cement factory's quarry) in older literature (e.g., Tjernvik 1952 Tjernvik , 1956 Löfgren 1995) . Lanna A hosts the youngest strata of the local succession (at A 1 ), and in total ca 8 m of VolkhovianKundan 'orthoceratite limestone' strata are available above water level. Lanna B (59°14′34″N, 14°55′19″E) contains beds that are found also in the lower part of Lanna A and the upper part of Lanna C. This locality, which is largely water-filled and only exposes a relatively thin interval (ca 5 m) of rocks, has not been studied in any detail. Lanna C (C 1 , C 2 ) is located in the southernmost part of Lanna (59°14′25″N, 14°55′18″E). This locality corresponds to what has been referred to as 'Stora brottet' (the Large quarry) in older literature (Linnarsson 1875a; Tjernvik 1952) , and likely also what Westergård (1922) called 'A.-B. Svenska Skifferverkens brott'. The strata at Lanna C span the upper part of the Cambrian Alum Shale through the lower part of the Middle Ordovician 'orthoceratite limestone', in total ca 16 m of rocks. Together, the accessible strata in the quarries at Lanna form a composite section spanning the Furongian (lower/middle Stage 10) through the Middle Ordovician (Darriwilian, Dw2, middle Kunda Regional Stage).
MATERIALS AND METHODS
Field observations, measurements and sampling of the succession at Lanna were undertaken during several visits in 2013-2017. Fieldwork was concentrated on Lanna A (A 1 ) and C (C 1 ), which together provide a composite of the entire exposed succession at Lanna. In total, 123 samples were collected from an interval comprising ca 20 m of strata, beginning at Lanna C and continuing upwards at Lanna A (Figs 3, 4). The sample series spans the youngest Cambrian through all exposed Ordovician strata.
Thin sections were produced from every sample and numerous hand samples were polished and studied in detail for reference. Except where this was not possible due to rock characteristics, samples were cut perpendicular to bedding in order to undertake studies of grain orientation and packing, grading and other sedimentologic properties. The microfacies of thin sections were studied qualitatively and quantitatively following the general approach of Lindskog & Eriksson (2017) . Carbonate textures were characterized quantitatively via point counting of 600 points per thin section (300 × 2, to assess variability), using a grid covering the entire thin-section sample area and the grain-bulk method (Dunham 1962) . Fossil grain assemblages were characterized quantitatively through the identification of 600 (300 × 2) grains per thin section, using a modified form of ribbon counting (see Lindskog & Eriksson 2017) . Seven categories were distinguished: Brachiopoda, Echinodermata, Gastropoda, Mollusca (other than identifiable gastropods), Ostracoda, Trilobita and Other. As they are typically difficult to distinguish from trilobites in thin sections, agnostoids are included in Trilobita. When including unidentified grains, analyses spanned more than 600 data points, but such grains typically have negligible influence on the data and, for clarity, they were not included in the visual data presentation. In total, more than 150 000 data points were registered during the quantitative analyses.
RESULTS
The observations and results are summarized in Figs 3 and 4.
General observations
At the macroscopic scale, the studied strata are largely tectonically undisturbed, with bedding being horizontal or nearly so, but local displacement and small-scale faulting occurs (see above). The uppermost surface at Lanna A has been glacially polished and is quite flat. Grooves running roughly N-S likely represent glacial striations (e.g., Blomberg & Holm 1902) .
The Cambrian part of the local succession consists of bituminous shale with subordinate beds and lenses of bituminous limestone (anthraconite, 'orsten'/'stinkstone'), belonging to the Alum Shale Formation (Figs 2A, B, 3; Westergård 1922 ). The strata (both shale and limestone) are typically dark grey to black in colour, with sporadic whitish and yellowish specks from secondary mineral formation. Some horizons are distinctly rust-coloured. The shale is typically poor in fossils, but the limestone can be quite fossiliferous and some horizons abound with trilobite and agnostoid debris. Most of the limestone occurs as lenses and discontinuous beds.
The Ordovician succession is characterized by flatbedded 'orthoceratite limestone', belonging to the 'Latorp', 'Lanna' and 'Holen' limestones (topoformations; Figs 2B, H, 3, 4) . The typical facies at Lanna is as a muddy limestone with variable amounts of sand-sized grains consisting mainly of skeletal fragments, but carbonate textures span from mudstone to grainstone. Freshly cut rock surfaces reveal variations between greyish, brownish, greenish and reddish hues in the rock colour, but this is often indistinct in the outcrops as most beds quickly attain a dull greyish-beige surface during weathering. The colour of individual beds can vary between sub-localities. Parts of the succession show persistent alternation between grey and red colour and and fossil grain assemblages are indicated, together with an interpretation of relative sea level (stippled intervals indicate uncertain 'scenarios'). Biostratigraphy after Tjernvik (1952 Tjernvik ( , 1956 , Löfgren (1994 Löfgren ( , 1995 and Bagnoli & Stouge (2014 a remarkably consistent thickness of macroscopic bedding (cf. De Geer 1941) . Green hues mainly result from glauconite and red hues from hematite. Silt-to sandsized glauconite grains occur throughout the succession but are typically of insignificant abundance. Some beds contain numerous limonite-stained grains (oxidized glauconitic grains?) and brownish to blackish phosphatic grains. Pyrite is fairly common and occurs as cryptocrystalline 'dust', discrete crystals and in places centimetre-sized aggregates. Barite is also found. Carbonate textures range from mudstone to grainstone; wackestone is dominant, but packstone is also common. Much of the succession exhibits metre-scale cyclic variation between finer and coarser carbonate textures, and there is a long-term trend of coarsening textures upsection (Figs 3, 4 ; see below). Most beds are visibly bioturbated at various scales and some bedding surfaces are underlain by dense networks of borings and burrows reminiscent of Balanoglossites and/or Thalassinoides (cf. Lindskog & Eriksson 2017) . Planolites burrows are relatively common in fine-textured strata.
Clay-filled seams have often developed due to pressure dissolution during compaction of the limestone. These seams are associated with minor lateral and vertical displacement, fracturing and truncation of skeletal grains. Seams tend to coincide with partings between limestone beds at the macroscopic scale, but they do not always coincide with primary bedding surfaces; they are not always laterally continuous and can migrate vertically. Jagged stylolites also occur, especially in coarser-textured beds.
The macrofauna is dominated by trilobites, brachiopods and cephalopods. Gastropods and minute echinoderm debris also occur. The cephalopod fauna contains a relatively large proportion of small (ca 5-15 cm long, juvenile?) specimens, and many conchs are slightly distorted and/or broken. The preservation of fossils is in places very good, with many multipartite types being found articulated, but they tend to be difficult to extract from their host rock (see Anderberg & Johansson 1981) . Fossil grain assemblages are mainly dominated by trilobite debris, followed by echinoderm (mainly 'pelmatozoan') debris and ostracod valves. Brachiopods and molluscs are locally abundant. Other biotic components are rare but include calcareous sponge spicules, bryozoans, acritarchs, conodonts, scolecodonts, chitinozoans and various problematica (approximately listed in order of abundance).
Sedimentary and biotic variations
The basal ca 6 m of the studied succession at Lanna (C) comprise bituminous shale with lenses and intermittent beds of limestone, belonging to the Alum Shale Formation (Figs 2A-C, 3) . Some of the limestone surfaces are densely strewn with arthropod sclerites (mainly disarticulated Peltura scarabaeoides). At the microscopic scale, the limestone typically consists of variably recrystallized mudstone to wackestone with thin horizons of skeletal (mainly trilobite/agnostoid) debris locally forming packstone and grainstone (Fig. 5A, B) . Minor kolm lenses are found (coal-like deposits unusually rich in organic carbon and heavy metals; see Hedström 1923; Andersson et al. 1985) . A ca 3 cm thick horizon with stromatolite-like lamination occurs intermittently in the uppermost part of the succession (Fig. 2E) . Macroscopically, the laminated interval is divided into low domes, separated by furrows that taper downwards, reminiscent of domal stromatolites sensu Aitken (1967) and LLH-C stromatolites sensu Logan et al. (1964) . Microscopically, the lamination consists of alternating laminae of more and less bituminous recrystallized carbonate, with no primary microbial remnants being visible (cryptalgalaminate sensu Aitken 1967) . The topmost surface of the Cambrian succession is rugged and uneven, with topographic variations at the decimetre scale (Fig. 2B, C) . The underlying ca 5-10 cm interval of rock is bleached grey and often slightly rustcoloured. The transition between the Cambrian and the Ordovician strata is thus abrupt and easily located in the outcrop; a significant hiatus occurs at this level throughout Närke, as sedimentation ceased between the early-mid Cambrian Stage 10 (~ Ctenopyge linnarssoni Zone) and the latest Tremadocian-earliest Floian (Megistaspis armata Zone-M. planilimbata Zone, Hunneberg Regional Stage; Westergård 1947; Tjernvik 1956; Terfelt et al. 2011; Pärnaste et al. 2013) .
The Ordovician succession begins with strongly glauconitic limestone belonging to the Lower Ordovician 'Latorp Limestone' (Figs 2B, C, 3) . The basal bed consists of a beige-coloured limestone with numerous cracks filled with glauconitic sediment and calcite (Fig. 5C, D) . This bed and those immediately above it are slightly phosphoritic and contain variably rounded clasts -some of which are decimetre-sized -consisting of material from the underlying Alum Shale (see Andersson 1895; Lindström 1954) , and also quartz grains. Glauconite concentrations decrease upwards. The most glauconite-rich bed in the basal 'Latorp Limestone' is locally absent; it mainly occurs in depressions in the underlying Cambrian strata (Tjernvik 1956 ). The main part of the 'Latorp Limestone' consists of beige grey, commonly slightly greenish, mudstone and subordinate wackestone intercalated with bluishgreenish grey calcareous shale (Fig. 5E, F) . Bedding varies cyclically in thickness, and the 'Latorp Limestone' can be subdivided into at least three individual 'members' that are characterized by a thickening of beds up-section. These 'members' are commonly discernible in outcrops and correspond closely to the trilobite zones of the Hunneberg and Billingen regional stages (see also Tjernvik 1952 Tjernvik , 1956 . A decimetre-high dome-like structure lies in the middle part of the 'Latorp' succession at Lanna C ( Fig. 2B ; cf. Lindström 1963; Fedorov 2003; Lindskog & Eriksson 2017) . Cryptocrystalline pyrite 'dust' occurs throughout and pyritic aggregates are seen in some horizons. Millimetre-to centimetre-sized intraclasts rimmed by glauconite are also present, especially in the middle part of the formation (Fig. 5E) . Stray glauconite and quartz grains are found throughout. The limestone matrix is commonly recrystallized into a fine mesh of calcite crystals, and 'ant-egg spar' sensu Lindström (1979) occurs, especially near contacts between beds. The uppermost beds of the 'Latorp Limestone' consist of strongly bioturbated greyish-brown mudstone to wackestone with numerous discontinuity surfaces ( Figs 2D, 5F ). Macrofossil assemblages are dominated by trilobites (mainly pygidia), but some beds contain also brachiopods and cephalopods. Preservation is commonly good and in some beds even excellent, but the fossils are nonetheless difficult to extract from the well-cemented host rock. Fossil grain assemblages in the 'Latorp Limestone' are entirely dominated by trilobites, with only a few levels showing any significant variation in the fauna (Fig. 3) . The individual 'members' of the 'Latorp Limestone' (see above) are reflected in the microfacies data through repeated reorganizations of the fossil grain assemblages, wherein trilobite abundance at first increases and then declines upwards. A distinct overall increase in trilobite abundance is seen in the uppermost 'Latorp Limestone'. In total, the 'Latorp Limestone' is ca 3.1 m thick at Lanna.
The boundary between the 'Latorp' and 'Lanna' limestones, which coincides closely with the LowerMiddle Ordovician boundary (conterminous with the Floian-Dapingian and Billingen-Volkhov stage boundaries), is marked in the field by a change into more weathering-resistant and thicker-bedded limestone and the disappearance of shale horizons ( Fig. 2B, D ; see also Tjernvik 1952 Tjernvik , 1956 Tjernvik , 1972 . This shift in lithology is associated with a general coarsening of carbonate textures into dominant wackestone and an increase in average grain size, although this latter change is gradual. Bioturbation becomes more pervasive and burrows and borings (Balanoglossites/Thalassinoides and Planolites), evidently produced in relatively firm substrate and in part forming complex networks, become common (Fig. 5H ). Glauconite becomes rare, but stray grains persist. A succession of deeply pitted discontinuity surfaces is developed in the 'Latorp'-'Lanna' boundary interval, although there appears to be no obvious equivalent to 'Blommiga Bladet' (cf. Lindström 1979; Olgun 1987 ). The basal 'Lanna Limestone' is greyish, but the colour changes into reddish brown upwards; in closer detail, the colour can be seen to alternate between reddish-and greyish-brown hues. Large trilobite pygidia occur throughout and dense collections of coarse shell debris are seen on some bedding surfaces, although the main part of the 'Lanna' succession is rather poor in fossils. Carbonate textures coarsen markedly upwards (Fig. 3) . Fossil grain assemblages become more varied ('diverse') up-section and echinoderms become increasingly common. The main middle part of the 'Lanna Limestone' is characterized by alternation between compact limestone and marly/nodular limestone, occurring with quite regular spacing ( Fig. 2F ; see also Lindskog & Eriksson 2017) . A distinct increase in the number of molluscs in grain assemblages is seen at the transition into this part of the succession (Figs 3, 5I, J). Beds thicken in the upper part of the 'Lanna Limestone' (at Lanna A) and the strata turn darker reddish-brown before the dominant rock colour rapidly changes into grey. Numerous discontinuity surfaces occur, many of which obviously represent hardgrounds. These are commonly stained by glauconite, iron and/or phosphate and are overlain by variably sized intraclasts. Carbonate textures coarsen significantly in the grey interval and the uppermost 'Lanna Limestone' is thus characterized by dense wackestone and packstone (Figs 4, 5J, K). Echinoderms continue to increase in relative abundance within fossil grain assemblages, and a temporary peak in abundance is seen in the uppermost Volkhov beds. In total, the 'Lanna Limestone' is ca 11 m thick at Lanna.
The top of the 'Lanna Limestone' topoformation is indistinct in the outcrop, but the transition into the overlying 'Holen Limestone' is indicated by an overall establishment of thicker bedding with fewer marly partings and a shift into a darker and dominantly greenishgrey rock colour (Fig. 2H, I ). Beds tend to be parted by thin shale seams. Numerous blackish-brown-stained (phosphatic?) discontinuity surfaces and grains occur in the transitional interval and the carbonate textures coarsen further (Figs 4, 5L) . Limonitic grains are abundant in many beds (Fig. 5M) . The appearance of the trilobites Megistaspis acuticauda, Illaenus sarsi and Asaphus expansus (the last one being relatively rare) in this part of the succession marks the transition between the Volkhov and Kunda regional stages (e.g., Lindskog et al. 2014 ). The Volkhov-Kunda boundary is herein identified as a particularly well-developed hematiteand glauconite-stained discontinuity surface, which is underlain by numerous borings and overlain by an interval rich in black-stained (phosphatic?) grains and intraclasts (Fig. 4) . A temporary change into a pinkish-grey rock colour is seen up-section. Macrofossil assemblages remain dominated by trilobites, but cephalopods and brachiopods become quite common upwards. Gastropods are also abundant in places. Dense collections of skeletal debris, including numerous cephalopod conchs, occur at some levels and some horizons can even be described as coquinoid (Fig. 2J) . Conchs commonly show a preferential orientation towards the SSW, and some levels appear to show bimodal orientations (at ~90° angle). Articulated trilobites are relatively common, especially in the middle A. expansus Zone. Overall, the 'Holen Limestone' is characterized by coarse carbonate textures, typically packstone with subordinate grainstone. Fossil grain assemblages gradually become dominated by echinoderm debris, and such grains become rockforming in the uppermost beds of the succession at Lanna (Fig. 5O, P) . The outcrop at Lanna (A) terminates in the lower part of the Asaphus raniceps trilobite Zone, corresponding to a level in the middle Kunda Regional Stage (basal Dw2).
DISCUSSION
The collective results of this study, combined with previously published data, reveal details about the palaeoenvironmental development throughout the late Cambrian (Furongian)-mid Ordovician. Both the macroscopic and microscopic characteristics of the strata at Lanna show that significant changes occurred in the local depositional environment during this time interval, and many distinct changes and 'events' in the local rocks correspond to palaeoenvironmental changes recorded also in other parts of Sweden and Baltoscandia.
Sedimentary and palaeoenvironmental development
The presence of putative stromatolites in the upper Alum Shale interval at Lanna indicates that quite shallow, possibly intertidal (e.g., Aitken 1967), marine conditions prevailed in this area during the latest Cambrian (provisional Age 10), although this is otherwise not particularly well expressed in the shaledominated facies and the stromatolite-like deposits remain to be investigated in closer detail. Overall, the upper Furongian strata appear to record a gradual shallowing (see also Newby 2012), but this trend is abruptly cut off by the discontinuity surface that separates the Cambrian from the Ordovician. It appears that the Lanna area was subaerially exposed sometime during the earliest Ordovician. This is indicated by the decimetre-scale topographic variations in the topmost Cambrian surface, which were induced by substantial erosion and/or dissolution, chemical alterations and subsequent discolouration of the underlying strata (due to percolation of meteoric solutions), and the conglomeratic appearance of the oldest Ordovician strata. The same interpretation is reasonable for the entire province of Närke and it appears that large parts of Sweden were laid bare at this time (e.g., Westergård 1941a Westergård , 1941b Tjernvik 1956; Egenhoff & Maletz 2012; Ahlberg et al. 2016) . Well-developed desiccation cracks in the topmost Cambrian surface in the Hunneberg area of Västergötland (see Egenhoff & Maletz 2012, fig. 4 ), which arguably represents a deeper-water environment than Närke, provide convincing evidence of subaerial conditions. The formation of large collapse and solution structures in the Västergötland area further imply subaerial conditions during the Tremadocian (Teves & Lindström 1988) . Unless the changes in sea level were of extreme amplitude, the regional epeiric sea must have been fairly shallow for such widespread emergence to occur (cf. Chen & Lindström 1991) . The CambrianOrdovician boundary is typically associated with variably long hiatuses in Sweden and the one developed in Närke is particularly extensive. Any possible sedimentation that may have taken place between the latest Cambrian and the mid Early Ordovician has been lost in time.
As is apparent from the drastic shift in facies, the depositional and palaeoenvironmental conditions in the Närke area -and the Baltoscandian region overallchanged considerably between the Cambrian and the (recommencement of sedimentation in the) Ordovician. This may in large part be attributed to a combination of sea level changes and an overall depletion of weathering products, but it cannot be excluded that the overall setting of the palaeobasin changed due to tectonic activity (in fact, this is implied by significant differences in the sedimentary development regionally). Sea level appears to have risen in the latest Tremadocian and/or earliest Floian, resulting in the glauconite-rich bed that is commonly found at the base of the Ordovician succession in Närke. Although this is not always immediately obvious in the field, the widely varying microfacies characteristics of the Ordovician limestones at Lanna indicate that the depositional environment underwent significant changes through time (Figs 3-5 ). The Ordovician succession shows both short-and long-term trends, and in part unmistakably cyclic patterns, in carbonate textures and fossil grain assemblages that can largely be attributed to changes in (relative) sea level (see discussion in Lindskog & Eriksson 2017; cf. Thorslund 1960) . As such, the 'Latorp Limestone' records at least three sealevel cycles throughout the Hunnebergian-Billingenian, each giving rise to shallowing upwards sequences that terminate with a relatively massive limestone bed containing a rather diverse fauna (see also Tjernvik 1952) . After an interval of relatively high sea level, water depth appears to have decreased during the Volkhovian, but regional patterns are somewhat contradictory as this time interval is particularly well developed in many areas (e.g., Olgun 1987; Dronov 2004; cf. Nielsen 1995 cf. Nielsen , 2011 . This may in part be a result of increasing bioproductivity through time, however, with the establishment of a fairly 'healthy' carbonate environment resulting in a more persistent deposition of sediment. The uppermost part of the succession at Lanna records a distinct lowering of the sea level during the Kundan, expressed through an overall coarsening of carbonate textures and more diverse fossil assemblages (e.g., Lindström 1971; Nordlund 1989; Lindskog & Eriksson 2017) . Abrupt shifts in microfacies in this interval reflect diastems due to discontinuous sedimentation. The lower Kundan is associated with significant stratigraphic gaps in the proximal areas of the Baltoscandian palaeobasin (e.g., Lamansky 1905; Dronov & Holmer 1999; Dronov 2017) . Overall, the tentative sea-level history deduced from the Lanna area is largely consistent with previous interpretations for the Baltoscandian region (e.g., Nielsen 1995 Nielsen , 2011 Dronov & Holmer 2002; Dronov 2004 Dronov , 2017 Dronov et al. 2011; Lindskog & Eriksson 2017) , although inter-continental comparisons remain problematic especially at higher stratigraphic resolution (Haq & Schutter 2008) .
The water depth at which the 'orthoceratite limestone' was formed, and indeed much of the Baltoscandian palaeobasin, has long been a point of scientific debate and it remains a contentious issue. Based on the characteristics of imploded cephalopod shells (known as Septal Strength Index, SSI), Chen & Lindström (1991) estimated that it was ca 200 m deep in the Närke area during the early Volkhovian (Baltoniodus navis interval). Given the overall reactivity of the depositional environment to palaeoenvironmental changes such a great depth appears exaggerated, and in light of the general state of preservation of cephalopods in the 'orthoceratite limestone' it is questionable if primary breakage (during purported shell implosion) can be confidently separated from secondary breakage (during deposition, sediment filling, diagenesis). The SSI approach in itself, with its standardized formulas, is also problematic (see Mutvei 2017) . The local strata commonly show a contrasting set of features that indicate both relatively low-and highenergy conditions during deposition. For example, many beds have a very fine-grained matrix but contain numerous lithoclasts, in places several centimetres in size (Figs 2C, 3D ). In terms of absolute numbers, especially the deeper end of the depth range is difficult to pinpoint, whereas the shallower end is easier to assess; the most coarse-textured strata at Lanna were clearly deposited in a very shallow environment with more or less constant wave activity. The orientations of cephalopod conchs attest to this (see above; e.g., Grahn 1986). It is likely that the shallowest-water conditions were on the order of only a few metres deep and in some cases the water depth may have been close to or effectively at zero.
Regional comparisons
As noted already by Linnarsson (1875a) , the Palaeozoic succession in Närke shows particularly close similarity to that in the Billingen-Falbygden area in Västergötland, some 125 km south-southwest of the Lanna area. There are also distinct similarities with coeval successions in Dalarna (see Hessland 1949) , Östergötland and southern Öland (Lindskog, unpublished data) . This suggests that these areas represent quite similar depositional settings. In both Närke and the Billingen-Falbygden area, the Cambrian-Ordovician succession is similarly developed stratigraphically, and a comparable gap separates the strata of the two systems (e.g., Westergård 1947; Olgun 1987; Ahlberg et al. 2016) . The uppermost beds at Lanna, which are of Kundan age, clearly correspond to the 'Täljsten' interval of Västergötland (see Eriksson et al. 2012) , and the unusually hematite-rich beds in the uppermost A. expansus Zone represent a regionally traceable feature, possibly related to proliferation of microbial mats (Lindskog et al. 2015; Lindskog & Eriksson 2017) . Some beds in the 'Täljsten' interval and coeval strata are packed with Sphaeronites cystoids, but such fossils were not found in this study. However, loose slabs with Sphaeronites have been documented from the Lanna area (Regnéll 1948 ) and the local rock interval corresponding to the 'Täljsten' interval is characterized by abundant echinoderm debris. The macroscopic characteristics of the rocks in the Hunneberg and Kinnekulle areas of Västergötland, only 50-75 km west and northwest of the Billingen-Falbygden area, differ somewhat from the Närke area. Most notably, the Lower Ordovician is mainly characterized by mudstone and shale. This is likely due to deeper-water conditions at Hunneberg and Kinnekulle and most areas west and south of there (including Norway and southernmost Sweden). Still, the overall sedimentary development in the Volkhovian-Kundan interval at Lanna is quite similar to that at Kinnekulle (see Lindskog & Eriksson 2017) . Carbonate textures and fossil grain assemblages show closely similar variations, but the amplitude of changes appears to be most distinctly expressed at Lanna (likely due to shallower water). The fossil grain assemblages form a series of 'zones' characterized by a certain composition at both localities, separated by distinct faunal reorganizations (but the relative proportion of grain types differs and assemblages at Lanna appear to be more diverse). For example, a distinct increase in the abundance of gastropods is seen in the middle 'Lanna Limestone' and echinoderms increase up-section into the 'Holen Limestone'. The collective data indicate that microfacies and fossil grain assemblages can reveal much information about the palaeoenvironmental development and even be employed for ecostratigraphic purposes (cf. Põlma 1982; Olgun 1987; Lindskog et al. 2015; Lindskog & Eriksson 2017) , although further studies are needed in order to enable more direct comparisons between localities within Sweden and abroad.
The thickness of the Ordovician limestone succession in some drill cores indicates that younger Ordovician beds than those exposed in the Lanna area are present in the central parts of the Latorp plateau (~north of Lanna), but the youngest strata are yet to be studied in detail (e.g., Karis & Magnusson 1972) . Boulders of variegated reddish-grey limestone apparently belonging to the Megistaspis obtusicauda and Megistaspis gigas trilobite zones of the upper Kunda Regional Stage can be found in the Vintrosa area, ca 3-5 km north of Lanna.
Prospects for the 'Latorp', 'Lanna' and 'Holen' limestones to become formal lithoformations
Recently, a call was made to review the Swedish geologic nomenclature and to establish a database of formally described and ratified geologic features in the country . With this, a national guide for geologic nomenclature was introduced (Kumpulainen 2017) . The guide deems the traditional topostratigraphic framework obsolete, thus affecting the validity of the 'Latorp', 'Lanna' and 'Holen' limestones, as well as many other regional Ordovician units (for reference, topostratigraphy employs a mixture of lithologically and palaeontologically defined boundaries in stratigraphic units ; Jaanusson 1960b) . It is quite clear that many of the topostratigraphic units are difficult to discern and delimit without detailed knowledge of the taxonomy of fossil faunas and other relatively inconspicuous features (e.g., Nielsen 1995; Karis 1998), so this is a necessary and reasonable way forward. Still, fossils form an integral feature of many Phanerozoic sedimentary rocks and can hardly be neglected in any proper description and definition of stratigraphic units even outside the topostratigraphic method (cf. Jaanusson 1960b). Therefore, it should be possible to define a fossiliferous rock unit at least in part based on fossil content, although any palaeontologic information in formal lithostratigraphic descriptions and definitions should of course be kept at a non-specialist level (cf. Kumpulainen 2017, p. 9) . As most limestones consist largely of biogenic material, observations on rock-forming fossils are quite essential for adequate description of their lithologies.
Although the 'Latorp' and 'Lanna' limestones stem from the topostratigraphic tradition (see Jaanusson 1982a Jaanusson , 1982b , they have good prospects of being formally introduced into the Swedish stratigraphic framework as lithoformations. These would be placed within a group corresponding to some version of the 'orthoceratite limestone', or alternatively as members should the latter be regarded as a single large formation. The observations and data here, together with those of, for example, Fromm (1971) , Karis & Magnusson (1972) , Bruun & Dahlman (1980) , Karis (1998) , Ahlberg et al. (2016) , Lindskog & Eriksson (2017) and many of our yet unpublished results, show that the 'Latorp' and 'Lanna' limestones possess several characteristics that carry between outcrops even when there are superficial differences in appearance (such as dominant colour). These characteristics include distinct bedding, abundance and types of authigenic minerals and unique microfacies details (and fossil fauna), allowing for confident identification of these units throughout much of Sweden. The 'Holen Limestone' is clearly more problematic to discern, however, especially from overlying topoformations. In short, although work remains to be done before they can be adequately described and defined, both the 'Latorp' and 'Lanna' limestones may transfer into a formal lithostratigraphic framework with only minor amendments in stratigraphic distribution compared to their topostratigraphic meaning. Formalization with retained names and type areas/localities would minimize confusion and errors when going back in the historic literature and optimize the usefulness of previously published scientific studies.
CONCLUSIONS
The Lanna area of Närke, south-central Sweden, hosts an easily accessible and instructive succession of Cambrian-Ordovician sedimentary rocks, offering an excellent opportunity for scientific studies. The strata record a distinct shallowing in the late Cambrian (provisional Cambrian Age 10). In the Lanna area and much of Sweden this shallowing ultimately resulted in emergence and subaerial conditions throughout the Cambrian-Ordovician transition, now marked by a significant hiatus in the succession. Sedimentation recommenced with rising sea level in the early Ordovician and continued relatively steadily into Middle Ordovician times. The microfacies characteristics of the Ordovician 'orthoceratite limestone' at Lanna vary considerably throughout the studied succession, likely in large part due to changes in (relative) sea level. A long-term trend of coarsening carbonate textures and more varied fossil grain faunas is seen upwards through the succession. Cyclic patterns likely correspond to high-frequency sealevel changes. Comparisons with other parts of Sweden and Baltoscandia reveal consistent patterns in the sedimentary development.
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